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Abstract 
It is generally acknowledged that the transition process from air-firing mode to oxy-fuel combustion is a key procedure in 
accomplishing successful operation for oxy-fuel combustion power plants. In this paper, a control method of how to conduct the 
transition process was discussed and then implemented on the 3 MWth oxy-fuel test facility which was constructed in China in 
2011. To better understand the influences of transition operation on process parameters, a dynamic model was developed using 
the facility as a prototype by Aspen Plus Dynamics. Furthermore, similar operations of the transition process conducted in the 
test were reproduced and the performance of the transition operations was then analyzed and evaluated based on the simulation 
results. The results indicated that the proposed control method was efficient and could be applied to other large-scale pilot plants 
or commercial power plant. Besides, a dynamic simulation platform is an essential and useful tool as a supplement of 
experimental research. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
It is well acknowledged that the emission of CO2 plays a significant role in global warming and the utilization of 
fossil fuel contributes to most of this effect. Due to the large demand of energy consumptions for rapid economic 
development, the CO2 emission of China has increased dramatically in the last several decades and China has 
become the largest emitter over the world. To obtain sustainable development in the future, measures should be 
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taken to mitigate the emission of CO2, especially in the power generation field. Among the three possible carbon 
capture technologies, oxy-fuel technology is a comparatively feasible and economic option for large scale CO2 
capture and retrofitting existing coal-fired power plants in the near future. To promote the development of oxy-fuel 
technology in China, a 3 MWth full chain system (FCS) had been constructed in 2011, to explore the characteristics 
of oxy-fuel technology, and to accumulate experience for the design and application for future commercial power 
plants.  
For both retrofitting and newly-built oxy-fuel power plants, the plants are initially operated at air-firing condition 
and then converted into oxy-fuel mode through transition process. Therefore, to obtain a smooth transition process 
from air-firing to oxy-fuel combustion is essential and significant in the implementation of oxy-fuel combustion 
technology. With this aim, a large number of tests have been conducted on Vattenfall`s 30 MWth pilot plant in 
Schwarze Pumpe and remarkable results have been achieved. It was concluded that only 20 minutes were required 
for the operations to achieve oxy-fuel combustion from air-firing mode. Moreover, typical periods of time for other 
procedures, i.e. venting of boiler and flue gas paths, start of fire up to full load, were also achieved through the test. 
However, the details of the transition operations and control method were not discussed by any of the publications 
[1-3]. Guedea et al [4] studied a flue gas recirculation control system for an oxy-fuel combustion fluidized bed and 
performed with both simulation work and test and recommended that the forced draft fan should be used to regulate 
the flue gas recycle. However, the control method established for fluidized bed could not be adapted to pulverized 
coal boilers. 
In this paper, a control method of conducting the transition process for pulverized coal boilers was discussed and 
then implemented on the 3 MWth oxy-fuel test facility. Beside, a dynamic model was developed to cooperate with 
test research using the facility as a prototype by Aspen Plus Dynamics. Furthermore, similar operations in the 
transition process in the test were reproduced and the performance of the transition operations was then analyzed. 
And finally the control method was evaluated based on the simulation results. 
2. Test facility 
As shown in Figure 1, the 3 MWth oxy-fuel test facility mainly consists of four subsystems, i.e., air separation unit 
(ASU), boiler, air quality control system (AQCS) and gas compression and purification unit (CPU). The ASU and 
the CPU are not included in traditional thermal power plant. The ASU in this plant is a small-scale cryogenic air 
separation unit with a maximum capacity of 600 Nm3/h which supplies pure oxygen to the boiler for coal 
combustion in oxy-fuel mode. The AQCS includes a bag filter unit, a wet desulfurization unit and a flue gas 
condenser. The CPU is located at the downstream of AQCS, with a maximum capacity of 600 Nm3/h, to compress 
the flue gas with high concentration of CO2 and liquefy the flue gas after removing the non-condensable gas 
components, i.e., N2, O2, Ar, and then store in a tank. One special point of the boiler is that it is a refractory-lined 
furnace with two tube banks inside the furnace, which function as radiant heat surface and radiant-convective heat 
surface respectively, and one tube bank at the rear part of the boiler which functions as an economizer. The boiler is 
the key subsystem in the overall process and it plays a significant role in the system operation performance. The 
detail process is described below. 
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Figure 1. Schematic diagram of the 3 MWth oxy-fuel test facility 
During the combustion process, a series of chemical reactions of coal and oxygen take place in the boiler, which 
produce high temperature flue gas. The heat of flue gas is transferred to water through the tube bank 1 (TB1) located 
near the burner via radiative heat transfer, and further through the tube bank 2 (TB2) in the upper furnace via 
convective/radiative heat transfer. The flue gas then passes through tube bank 3 (TB3) in the rear of furnace, which 
function as economizer, and finally the air/flue-gas pre-heater before it leaves the boiler. After passing through the 
AQCS, the flue gas would go to the stack or CPU and recycle to the boiler according to different operation modes. 
The water from the cooling tower splits into three streams and goes to TB1, TB2 and TB3. After being heated by 
high temperature flue gas, the water goes out of the tube banks, merges and then goes back to the cooling tower. 
In air-firing mode, the air would be pre-heated in the air pre-heater and then splits into three parts, i.e., primary air 
(PA) and secondary air (SA) and over fire air (OFA). PA is used to dry and transport the coal; and SA and OFA are 
used to support coal combustion. Besides, OFA could also be used to restrain the NOx formation known as staged 
combustion. For oxy-fuel combustion mode, a mixture of O2 and recycle flue gas (RFG) is used as oxidant gas 
instead of air. The O2 is injected into RFG ahead of burner, such that PA and SA are premixed oxidant. 
The process described above is simulated using Aspen Plus. To focus on the combustion and heat transfer process, 
the simulation system only includes model for boiler and the AQCS, while models on ASU and CPU are not 
included, as shown in Figure 2. The boiler model mainly consists of a combustion section and a heat transfer section. 
The reactor in the combustion section was simulated by a Rstoic reactor block to model the combustion of fuel and 
formation of SO2 and NO. The conversion rate of each fuel elements was tuned based on the facility test data. The 
heat exchange section was simulated using Heatx block and the heat transfer coefficient of the tube banks obtained 
from the test results were used to configure the block. For simplicity, a separation block Sep was used to simulate ash 
removal unit, wet scrubber, as well as flue gas condenser in the AQCS part, in which the separation efficiencies 
were specified according to test results either. The block Compr was used to model the compressors and the block 
Vlave was used to simulate the dampers to control the gas flow. Besides, the block Fsplit and Mixer were used together 
to simulate the split and mixture of streams. Two kinds of chemical properties were used in the simulation, Peng-
Robinson for gas side and SteamNBS for water side.  
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Figure 2. Simulation flow diagram of the 3 MWth oxy-fuel boiler systems 
The proximate analysis and ultimate analysis of coal used in this paper is shown in table 1. The air ingress is 
assumed to be 3% (mass basis) in the furnace and pipelines at the steady state model in air-firing mode, which 
would be calculated automatically in the dynamic simulation according to the pressure balance between the system 
and the atmosphere for both air-firing and oxy-fuel modes. The concentration of oxygen from ASU in this study is 
99% and the impurity is nitrogen. Other basic inputs needed in the simulation are listed in table 2.The steady state 
model is validated with benchmark test results and is then converted into dynamic model. 
Table 1 Proximate and ultimate analysis of coal 
Cad Had Sad Nad Oad Mad Vad FCad Aad Qad(kJ/kg) 
57.48 3.29 0.68 0.86 5.59 1.31 22.67 45.23 30.79 22390 
Table 2 Basic assumptions and inputs needed in the simulation  
Item Value Air-firing mode Oxy-fuel mode 
Input heat load / MWth 2.6  2.6 
Air temperature / °C 25 25 
Total feedwater flowrate / t/h 64.3  64.3  
Feedwater temperature / °C 29.7 29.7 
SO2 scrubber efficiency 0.9 0.9 
Fan isentropic efficiency 0.85 0.85 
Oxygen purity - 0.99 
Oxygen pressure /KPa - 50 
Oxygen temperature / °C - 15 
3. Control method 
During the transition process, several valves and fans would be regulated to achieve flue gas recirculation and 
these regulations would inevitably introduce disturbances to the system. The safety of the plant would be threatened 
if the disturbances could not be controlled in an acceptable range. Therefore, how to achieve a stable and fast 
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transition process would be the first concern to design the control system. Moreover, pure oxygen and the recycled 
flue gas instead of air would be used as the oxidizer in oxy-fuel combustion, and the change of comburent 
atmosphere in the furnace would change the heat transfer conditions. Thus, how to obtain similar heat transfer 
condition in oxy-fuel combustion compared to air-firing condition would be the second concern to design the control 
system. Finally, the CO2 concentration in the flue gas has a significant effect on the power consumption of the gas 
compression unit. Hence, how to achieve a CO2 concentration as high as possible would be the last target for this 
control method design. 
In the transition process, the primary oxidant gas used for coal transportation should be treated with great care and 
its flowrate and oxygen concentration need to be controlled for safety considerations. Furthermore, furnace draft is 
another parameter needs to be manipulated rapidly for security reason. To maintain the target values in an 
acceptable range and reach quick responses, it is recommended implementing automatic controls for the flowrate of 
primary oxidant gas and the furnace draft. Additionally, excess oxygen is essential for sufficient coal combustion 
and the typical excess air coefficient is between 1.10 and 1.20, which corresponds to the oxygen concentration 
around 3% in the flue gas. It should be noticed that the sources of oxygen supply are different between air-firing and 
oxy-fuel mode, which results in different control methods. In air-firing mode, forced draft fan is used to control the 
air supply. However, pure oxygen from ASU instead of air would be used to support combustion in oxy-fuel mode 
and the oxygen flowrate is controlled by main oxygen valve. Besides, Primary oxygen valve would be controlled to 
regulate the oxygen concentration in primary oxidant gas. Furthermore, to obtain expected heat transfer condition in 
oxy-fuel mode, the oxygen concentration in the inlet gas of boiler must be controlled at a certain value. Recent 
research studies showed that the optimum range of oxygen concentration is from 25% to 30% for oxy-fuel 
combustion and the recommended oxygen concentration is about 27% for dry flue gas recycle [5-7]. This control 
target could be achieved by regulating several valves, i.e., recirculation valve, stack valve, which are shown in 
Figure 2. Actually, the forced draft fan could also be used to cooperate with the recirculation valve and stack valve 
to regulate flue gas recycle. However, for simplicity, only the valves are used to manipulate the flue gas recycle 
process and the forced draft fan is operated at fixed shaft speed in air-firing mode. The relations between the 
measured variables and manipulated devices are shown in table 3.  
Table 3 Control method for the transition operations 
Measured Variable Value Primary Manipulated Devices Type 
Boiler inlet oxygen 
concentration 27% 
Recirculation valve Manual 
Stack valve Manual 
Boiler outlet oxygen 
concentration 3% 
Air valve Manual 
Main oxygen valve Manual 
Primary air flowrate Stable Primary fan Automatic 
Oxygen concentration in 
primary air < 18% Primary oxygen valve Manual 
Furnace draft At a certain range Induced fan Automatic 
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4. Test results 
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Figure 3. Variations of manipulated and measured parameters during the transition process in the test 
A large amount of tests have been conducted on the 3 MWth oxy-fuel test facility. All standard procedures such as 
venting, start-up and shutdown as well as step disturbances, i.e., load change, excess oxygen ratio change and 
feedwater change, have been performed in order to learn more about the characteristics of oxy-fuel technology. The 
transition process has been also carried out to test the control method and find the optimum operation procedure. 
One of those satisfactory test results is selected to explain how the transition operation is conducted, which is shown 
in Figure 3. It can be seen that the whole transition process takes approximately half an hour (from 14.2 to 14.8 h, 
p.m.) and the whole test lasts for 4 hours. The details of the transition process are discussed below. 
Figure 3(a) illustrates the variations of different control valve opening during the transition process. When 
recirculation takes place, the recirculation valve starts to open and the stack valve partially closes, and the flue gas 
begins to recycle to boiler. Meanwhile, the air valve closes down and the main oxygen valve is gradually opened 
and oxygen start to substitute air as the oxidant while the total oxygen flow is kept at the reference value, which can 
be inferred from the variation of oxygen concentration in the flue gas shown in Figure 3(d). The induced fan and 
primary fan, which are operated automatically, could easily keep the furnace draft and primary gas flow at set points. 
These valves and fans are operated alternately under the guidance of the measuring results of measured variables 
and then the transition process could be conducted smoothly. The change of CO2 concentration in the flue gas was 
also shown in Figure 3(d). It can be seen the CO2 concentration increases gradually as the transition process 
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proceeds. After a period of mode transition, the CO2 content reaches approximately 65% and continues to rise to 
81% and then becomes stable. The second increase occurs because of the extraction of compressed air injection, 
which is used to protect the flame monitor in the furnace. It can be found that the total operation process lasts for 15 
to 20 minutes and it requires 10 to 15 minutes further for the system to reach a stable condition after the transition 
operations. The same operation was conducted on Vattenfall`s 30 MWth pilot plant by Alstom et al. [2] and similar 
conclusions were obtained. In addition, compressed air injection into the furnace strongly impacts the CO2 
concentration for the 3 MWth oxy-fuel test facility, approximately 10-15%, which indicates that high purity CO2 
should be used to replace air in order to get higher CO2 concentration flue gas.  
The stability of the heat duty in the tube banks is a very important factor to evaluate the heat transfer condition in 
the furnace during the transition operations. In the test, the transition operations were conducted before the heat 
balance in the furnace could be achieved due to a limit test conditions; besides, the fluctuations of feedwater 
flowrate also led to sharp variations of heat duty in the tube banks, which was shown in Figure 3(c). Therefore, it 
was difficult to determine whether the fluctuations of the heat duty were caused by the transition operations. As a 
result, the test results could not be used to evaluate the heat transfer condition in the furnace. To make up for 
deficiencies in the test results, simulation work had been conducted and the simulation results were discussed below. 
5. Simulation results 
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Figure 4. Variations of manipulated and measured parameters during the transition process in the simulation 
Similar operations were carried out in the simulation and the similar phenomena happened, shown as Figure 4(a) 
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and Figure 4(b), which indicated that this dynamic model matched the test very well and could be used to analyze 
the system performances which were difficult to implement in the test. In Figure 4(b), it could be seen that the 
flowrate of secondary oxygen was controlled with a little overshoot. This phenomenon occurred due to the inertia of 
oxygen valve which caused the oxygen flowrate could not respond immediately with the change of oxygen valve 
opening, and consequently, improper operation of oxygen valve was conducted, which should be better avoided. 
The heat duty in the tube banks were comparatively stable which could be inferred that the heat transfer condition 
was similar during the transition process and the transition operations conducted in this study were successful, 
which was illustrated in Figure 4(c). Moreover, the concentration in the flue gas was also higher than 80%, which 
demonstrated that the oxy-fuel combustion was achieved on this test facility and the control method was efficient. 
6. Conclusion 
In this paper, the principals of the control strategy for transition process were discussed in details and the specific 
control method based on the control principals was then proposed. Subsequently, transition operations were 
conducted on both test and simulation and many useful results were obtained. It can be found that the total operation 
process lasts for 15 to 20 minutes and it requires 10 to 15 minutes further for the system to reach a stable condition 
after the transition operations. These time constants in the transition process are very helpful to better understand the 
dynamic responses of overall system. Besides, it was indicated that the inertia of valves should be taken into 
consideration before performing operation to avoid overshoot. The experience obtained from this study could be 
used as reference for other oxy-fuel power plants. 
To protect the flame monitor in the furnace, compressed air was injected into the furnace. It was shown that the 
air injection strongly impacts the CO2 concentration, approximately 10-15%, which indicated that high purity CO2 
should be used to replace air in order to get higher CO2 concentration flue gas. Similarly, this finding also indicated 
that air leakage should be strictly controlled and seal measures must be taken in oxy-fuel power plants. 
Dynamic simulation platform, which could save plenty of time and money, is an essential and useful tool and 
should be widely developed as a supplement of experimental research. Future work will focus on automatic control 
of the transition process, which would be studied firstly on the simulation platform and then applied to test facility.  
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